Voltage Source Converter (VSC) High Voltage Direct Current (HVDC) connection has become a new trend for long distance offshore wind power transmission. It has been confirmed by a lot of research that the maximum distance of a High Voltage Alternative Current (HVAC) sub-marine cable transmission system is limited due to surplus charging current of the cables. The VSC HVDC transmission system has the ability to overcome the limitation and offers other advantages over the HVAC transmission system. This paper is to review the VSC HVDC transmission technology and its application for offshore wind power integration. Firstly, the main components, configuration and topology of the VSC HVDC transmission system are described.
nowadays produced by onshore wind turbines, offshore wind farms have been of high interest, mainly due to the huge unexploited wind resources and the better wind conditions at offshore locations. In the future, the capacity of the offshore wind farms is going to increase, as well as their distance from the shore. Therefore, there is a clear need to investigate the power transmission technologies for connecting large offshore wind farms located at a long distance to the nearby in-land network. In recent years, various transmission options have been analyzed and investigated in terms of their technical and economic feasibility of connecting large offshore wind farms to the in-land power grid, as well as their effect on the stability of the connected power system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
High Voltage Alternative Current (HVAC) technology offers a simple and cost-efficient solution for bulk power transmission and reliable integration of large-scale RESs. Consequently, most of the present large offshore wind farms are grid-connected through such transmission systems [8, 11] . However, a HVAC system has bottlenecks, mainly concerning the increase of power losses and cost with the transmission distance, as well as requirements for reactive power compensation. Therefore, the HVAC transmission systems for the grid connection of large and remote offshore wind farms are, in most cases, not preferred [6, 7, 10, 12, 13] .
Consequently, High Voltage Direct Current (HVDC) transmission technology has become an interesting alternative because DC systems offer more attractive solutions for power transfer over long distances [6] [7] [8] 10, [12] [13] [14] [15] . HVDC transmission systems are either based on Current Source Converters (CSCs) [5, 16, 17] , also called Line Commutated Converters (LCC), or Voltage Source Converters (VSCs) [15, [18] [19] [20] [21] . Since its first commercial application, the LCC HVDC system has been evolved; new components have been developed and additional structures have been proposed to improve the power quality [19] [20] [21] [22] [23] [24] [25] [26] . The comparatively new VSC HVDC transmission system has become possible with the development of Insulated-Gate Bipolar Transistors (IGBTs). The advanced controllability of the VSC HVDC technology has rendered the power transmission system capable of providing grid support to the connected AC networks [8] [9] [10] 15, 17, 27, 28] . Therefore, VSC HVDC transmission systems have experienced an increasingly wider range of applications [14, 15, 27, [29] [30] [31] [32] [33] . One of the emerging application areas is the integration of remote RESs to the power system. The advantages of the VSC HVDC transmission technology make it more suitable than other transmission systems (HVAC, CSC-HVDC) for the grid connection of offshore wind farms [1, 10] . The system configuration of a VSC HVDC connection for an offshore wind farm is illustrated in Figure 1 [10] . This paper presents a review of the VSC HVDC transmission technology and latest development of its application for offshore wind power integration. It aims to introduce the technical features of the VSC HVDC technology, describe the capabilities of the VSC HVDC system to improve offshore wind power integration and provide grid support, and present the relevant control strategies. The paper is organized as follows: In Section 2, the main components of the VSC HVDC transmission system, as well as various configurations and topologies, are described. Section 3 analyses the control system of the VSC and the control strategies. The capabilities of the VSC HVDC transmission system for grid support are presented in Section 4. The grid code requirements for offshore wind farms and VSC HVDC systems are briefly discussed in Section 5. Control methods for Low Voltage Ride-Through (LVRT) and frequency regulation are given in Sections 6 and 7, respectively. A conclusion is drawn in the end. 
VSC HVDC transmission systems
This section describes the main components, configuration and topology of the VSC HVDC transmission system.
Components of the VSC HVDC transmission systems
A typical VSC HVDC transmission system is comprised of converters, transformers and phase reactors, AC filters, DC cables and breakers, and DC capacitors and filters, as illustrated in Figure 2 [34] . Transformers, filters and auxiliary capacitors are located outdoors. The converter and its control system are placed in a closed air-conditioned and air-heated building. The VSC HVDC system allows compact stations, suitable for locations where the space is a concern due to restrictions regarding environmental impact, scarcity of land or economic reasons [6, 35] . The role and structure of each component are briefly described in the following subsections. 
Converter
The converter is the most important module, since it performs the conversion from AC to DC (rectification) at the sending end and from DC to AC (inversion) at the receiving end of the DC link. The three-phase AC voltage is converted to a symmetrical DC voltage, which is considered constant, with fixed polarity. By allowing control of turn-on and turn-off operation, the IGBT valves can compose Self-Commutated Converters (SCCs). Hence, the operation of the converter does not rely on synchronous machines in the connected AC system, which could be a totally passive network. This is impossible in the case of LCCs based on Thyristors [2, 19] .
IGBTs are switched on and off with frequencies defined by Pulse-Width Modulation (PWM) algorithms. In this way, the PWM can create any desired voltage waveform, meaning any phase angle and magnitude of the fundamental frequency component [2, 17, 19, 21] . However, due to the switching process of IGBTs, the AC output currents and voltages are not sinusoidal, i.e. the spectrum of their waveforms contains not only the fundamental frequency component , but also higher-order harmonics. This harmonic content consists of components around the carrier frequency of the PWM and its multiples. The higher the number of IGBT commutations per second, the higher the frequency of the lowest-order harmonics produced, meaning reduced harmonic losses. On the other hand, the higher the number of commutations per second, the higher the switching losses. Therefore, the frequency modulation ratio in the PWM process should be selected properly, to strike a balance between switching and harmonic losses [2, 17, 19] . Several other modulation methods have been proposed in literature, such as the Space Vector Modulation (SVM) [36] and the Tolerance Band Modulation (TBM) [37] , to reduce the switching losses.
For achieving large converter ratings, series-connected valves are arranged in either a twolevel or three-level bridge. The two-level converter is the simplest configuration, consisting of a 6-pulse bridge, which generates a discrete, two-level output voltage (+ 2 ⁄ , − 2 ⁄ , where is the DC voltage). For keeping the current ripple relatively low, the switching frequency must be chosen comparatively high, resulting in high switching losses. Therefore, this configuration presents the highest harmonic distortion and highest converter losses among all the VSC topologies [2, 17, 21, 38] . By clamping the neutral point of the DC link, a three-level converter is constructed, providing three different levels of the voltage output at each phase (+ 2 ⁄ , 0, − 2 ⁄ , where is the DC voltage). The resulted voltage resembles much more ideal sinusoidal waveform than that of the two-level converter. This implies less harmonic distortion and therefore less filtering is required [4, 17] .
For increasing the number of voltage levels and thus generating a better waveform (closer to sinusoidal), a strictly modular construction is needed, by cascading the same hardware, namely the same module. Various cascaded converter topologies have been suggested [39] [40] [41] [42] .
Recently, a new multi-level converter topology has been developed, called Modular Multi-level Converter (MMC). This configuration is able to synthesize a stepped voltage with a large number of small steps. This means reduced voltage gradients, and consequently very low harmonic distortion. As a result, less passive and active filters are required, which are mandatory in a two-level or three-level converter, due to the high and steep steps of their voltage output. Despite the high frequency of the final waveform, the switching frequency of each module can be low, resulting in reduced switching losses, since the number of switching devices is large and each of them does not have to operate frequently. In general, MMC systems present easy scalability, leading to high power ratings, and high modularity, allowing more flexible and economical solutions for the transmission systems [2, 4, 9, 10, 38, 43, 44 ].
Transformers and phase reactors
The three single-phase transformers transform the voltage of the AC bus to the required entry voltage of the converter. For ensuring the correct valve voltage, the transformers are equipped with tap-changers. Their design is usually simple and conventional, due to lower harmonic content of the current in the VSC HVDC scheme [2, 17] .
The aim of the single-phase air-cooled reactors is to control active and reactive power flow, by regulating currents through them. They are also used as filters, for reducing high-frequency harmonics of the AC current, caused by the switching operation of the converter [17, 19] .
AC filters
The high-order harmonics of AC output currents and voltages have to be mitigated to prevent their emission into the AC system, since they could cause malfunction of AC equipment or radio and telecommunication disturbances [2, 5, 17] . For this purpose, passive or active highpass filters are installed in the transmission system, providing the AC system with almost sinusoidal currents and voltages [20, 23, 25, 26] . However, the low harmonic distortion and the need of no reactive power compensation allow the small size and simple type of the filters [2, 17, 19 ].
DC cables and breakers
The DC transmission circuit consists of the DC links, the high-speed DC switches and the earth electrode. Regarding the DC cable types, new technologies have been developed, since the current underground cables were found to be heavy, difficult to install and prone to faults.
The new cable types has better insulation and lower power losses, lightweight design and flexibility, leading to more applications, as submarine or overhead links [45] [46] [47] [48] [49] .
Concerning the DC breakers, instead of mechanical DC switches, which are quite slow, or electronic DC switches, which are faster but more expensive [50] , a new generation has been proposed, known as hybrid DC breakers. The new type has been found to be fast, efficient and reliable. Moreover, the modular design makes it easily adapted to actual voltage and current ratings [51] [52] [53] .
DC capacitors and filters
For reducing the DC voltage ripple caused by the switching process in the IGBTs of the converter, two DC capacitor stacks of the same size are introduced to the system. Each of them is connected to one pole to ground [17, 19, 54] . In addition to DC capacitors, DC filters could also exist at the DC side of the transmission system for mitigating interference on the metallic telephone circuits, which could run adjacent to the DC links. The low harmonic content of currents and voltages in the VSC HVDC systems allow these filters to be small and simple [34] .
HVDC system configurations
HVDC converters, rectifier and inverter, can be connected through DC links in different configurations. The main system configurations are ( Figure 3 [33] ),  Monopolar HVDC systems (monopole with ground return, monopole with metallic return, monopole with grounded midpoint) [17, 33, 55]  Back-to-back HVDC systems [17, 33]  Bipolar HVDC systems (bipole, bipole with metallic return, bipole with series-connected converters) [17, 33, 55]  Multi-terminal HVDC systems [17, 33, 55] Figure 3: HVDC system topologies
VSC HVDC multi-terminal system topologies
Several VSC stations (multi-terminal systems) can be connected to DC buses with fixed polarity, creating DC grids similar to AC networks. These VSC HVDC grids are very attractive for wind power integration and the reinforcement of interconnected AC networks [27] . Therefore, the number of multi-terminal systems, which feed power to an AC network at different points, is increasing. As a result, the interest in studying the performance of such systems has been increasing. Many projects have investigated the potential benefits and cost-effectiveness of the multi-terminal VSC HDVC, as well as its impact on the stability of the connected AC networks and the need of the coordination of power control at the multiple DC links [56] [57] [58] [59] [60] [61] .
There are several different VSC HVDC multi-terminal topologies for transferring power from large offshore wind farms to the AC grid. The main topologies are [62] ,  General Ring Topology (GRT): all nodes of network are connected in ring.
 Star Topology (ST): each line from a wind farm or an onshore substation is connected to a star node.
 Star with central General Ring Topology (SGRT): a star configuration in which the central node is constructed in a ring configuration.
 Wind Farm Ring Topology (WFRT): a wind farm ring, with additional links which connect each wind farm to an onshore substation.  Substation Ring Topology (SSRT): a ring of the onshore substations, with additional links which connect each substation to an offshore wind farm.  Other more complex topologies as combination of the previous topologies.
[62] compares various topologies regarding several factors, such as the number of DC breakers, the ratings of lines and additional required construction. A crucial factor is the way by which the system handles a fault at a DC link. Multi-terminal systems show flexibility under fault cases, which allows isolation of the faulty part and redirection of the power flow. The selection of the optimal topology for a given application depends on the operation and robustness requirements, as well as on the geographical location of the substations and the wind farms. In general, the most appropriate topology is found to be the WFRT because it is able to meet the required flexibility with the least number of breakers and does not require an offshore platform. If shorter line lengths are required, the GRT can be attractive. However, it requires higher ratings of some lines [62] .
Converter control system
This section describes the main controllers and control strategies of the converters of the VSC HVDC transmission systems. The DC voltage droop control of multi-terminal VSC HVDC grids is presented as well.
Main controllers
With the PWM scheme in the IGBTs of the converter, simultaneous adjustment of the magnitude and phase of the AC voltage output of the converter can be achieved. This implies the capability of power control, since the active power is regulated by changing the phase of the AC converter voltage, whereas the reactive power is controlled by adjusting the magnitude of the AC converter voltage [33, 34] . The active power control loop can be set to regulate the active power flow according to the DC voltage, the frequency variation or an active power reference value. The reactive power control loop can be set to control the reactive power flow according to the AC voltage or a reactive power reference value [33, 34, 63 ]. The control system can also consider the converter current limitations, as determined in the inner current control function [63] .
The system, as illustrated in Figure 4 [34] , is a two-loop control system. The inner loop is a fast vector controller for the converter current control. The outer loop is relatively slower, including the DC voltage controller, the AC voltage controller, the active power controller, the reactive power controller and the frequency controller [17] . 
Inner current controller
The aim of the inner current controller (PI-controller) is to take current reference values from the outer controllers and determine reference values for the terminal voltage. This control loop operates in a dq rotating reference frame. The d-axis value of the reference current is generated by the outer controllers of the active power, the DC voltage or the grid frequency. The q-axis value of the reference current comes out from the outer controllers of either the AC voltage or the reactive power [10, 17] . The d-axis and q-axis reference currents are compared to the converter's current limits, determined by its PQ characteristics [10] . If the limits are exceeded, the reference currents should be decreased. The priority for limiting the d-axis or the q-axis current depends on the application [17] .
In case of unbalanced voltage conditions, i.e. asymmetrical voltages, a negative sequence of quantities should be taken into account to control the operation of the converter (the zerosequence components can be assumed zero). Therefore, the inner current control loop should be divided into a positive-and a negative-sequence current controller. Reference values in daxis and q-axis should be provided for both positive-and negative-sequence currents. The reference values of the positive-sequence current are determined by the outer controllers, as described above. However, the reference currents of the negative sequence cannot be generated in a similar way. Several approaches have been proposed in literature for providing appropriate reference values of the negative-sequence current. One of the control strategies is the negative-sequence voltage compensation scheme, which aims to produce the appropriate negative-sequence currents for eliminating the negative-sequence voltages. Another approach is the control of the negative-sequence reactive current, while the reference value of the negative-sequence active current is set to be zero. This control scheme is suitable for compensating large voltage imbalances [10, 17] .
Outer controllers
Usually, the outer control loops (control of DC voltage, AC voltage, active power and reactive power) are implemented by PI-controllers, which regulate the corresponding quantity according to a reference value. However, other controller types have also been suggested for maintaining stability of the control scheme by the possibly simplest means [8, 10, 12, 17] . Regarding the frequency regulation, [17] describes four different types of frequency controllers. The first two controllers provide a fixed reference value, while the other two are based on the relationship between active power and frequency in a power system. This relationship can be implemented by a PI-controller or a droop function. In the case of the grid connection of an offshore wind farm, the typical converter control strategies are the following [8] :
Control strategies
 active and reactive power control in the converter at the wind farm side -DC voltage control and reactive power control in the converter at the grid side (Scheme 1)
 active power and AC voltage control in the converter at the wind farm side -DC voltage control and reactive power control in the converter at the grid side (Scheme 2) Scheme 2 is found to be more suitable, causing lower oscillations of active and reactive power and AC voltage under a fault. Therefore, instead of reactive power control, the AC voltage control at the wind farm side is preferred for the grid connection of offshore wind farms [8] .
DC voltage droop controller for multi-terminal systems
In the case of multi-terminal VSC HVDC systems, various strategies of active power and DC voltage control have been proposed, such as master-slave and voltage margin control schemes [64] . A new approach has recently gained the interest of researchers for its high reliability and simple structure: the DC voltage droop control. In this control scheme, all the terminals participate in the DC voltage control and share the duty of power balancing in the DC grid, rather than trying to track their active power references. The power share of each terminal is determined by its droop constant, given by (1),
where is the DC voltage droop factor [64] . The converter stations with the higher values of droop will participate more in the DC voltage control and therefore their power share will be smaller [12, 64, 65] . In a fixed droop scheme, the droop factor at each terminal is calculated according to the corresponding converter ratings. However, it is desirable that the converters participate in power sharing according to not only their ratings, but also their spare capacity (headroom), i.e. the difference between the rated capacity and the present loading. For dealing with this issue, [65] suggests a modification of the initial DC voltage droop controller. In the proposed control scheme, the droop factor is a function of the available headroom of each converter. The proposed function gives higher droop factors for lower available headrooms. In this way, converters which operate very close to their operational limit (low available headroom)
will not share the burden of an outage to the same extent as the converters with higher spare capacity. This approach with the variable droop factor would also be useful in the future, when the multi-terminal HVDC grids enter the power market. It will allow the owners of the converter stations to share the power mismatch appropriately, and they could use spare capacity also as ancillary service [65] .
The main idea of the DC voltage droop control is to use the DC voltage as a universal indicator of DC grid loading, as the frequency is used in AC systems. In AC systems, active power-frequency droop is used in the governor control loop, for avoiding conflicts in reference values of frequency. In a similar way, in the DC grids, the active power-DC voltage droop can be used to modify the reference values of the DC voltage, for avoiding conflicting DC voltage set values at the terminals [65] . According to [64] , proper calculation of the initial reference values (before their modification according to droop factor) is needed for a more precise control scheme.
Capabilities of VSC HVDC transmission systems and benefits for wind farms and Transmission System Operators (TSOs)
The technical advantages of the VSC HVDC transmission systems, as well as their enhanced control systems, enable several attractive capabilities. The benefits of the provided attributes are described below.
Active power control and frequency response capability
Converters transmit active power to the grid by maintaining constant DC voltage. In cases of fluctuations in the wind farm's power output, the grid-side converter provides the capability to even out, within a certain limit, short dips in power generation, by injecting to the grid more power than the wind farm produces, for maintaining the power balance in the connected AC system. On the contrary, during temporary emergencies of high frequency, the grid-side converter can avoid regulating the DC voltage for power balance; instead, it can reduce the active power injection to the grid or even start absorbing active power from the network. These functionalities allow considerably faster power control and thus faster frequency response than an AC-connected wind farm can achieve. As such, the VSC HVDC system supports the frequency regulation at the grid [1, 66] . In addition, the wind power plant converter can adjust the frequency of the wind farm network according to the frequency of the connected AC system.
Thereby turbines receive signals from the converter for modifying their production following the on-line load [66] .
Reactive power control and voltage support capability
The control of reactive power flow between the converter and the grid can be used for compensating the needs of the network in reactive power, within the ratings of the converter [1, 66] . The reactive power control capability of the converter is used to regulate the AC voltage of the connected network. The converter adjusts its reactive current, such that the set voltage at the bus is retained. In addition, the fast switching capability of the converter and its intelligent control systems enable the transmission system to sustain faults in the AC network. The contribution to the AC voltage control can be applied at both grid and wind farm sides [1, 66, 67] .
[68] analyzes the voltage support that the VSC can provide, regarding the grid configuration of its connection with the AC system (connection of the VSC and the AC system in series, in parallel or VSC HVDC connection between asynchronous systems). [69] investigates the contribution of VSC HVDC systems to the short-circuit current during a fault in the network. The influence of various factors, such as the control mode, the fault location and type, is analyzed.
The fault location and type slightly affect the value of the short-circuit current, whereas the AC voltage control mode (instead of the reactive power control mode) is found to increase the shortcircuit current contribution [69] .
Fast response to disturbances
Fast control of the converter's active and reactive power improves the dynamic performance of the system under disturbances. With such a response speed, the VSC is able to control transients and flicker, and keep the AC bus voltage constant, enhancing the transient stability of the system. Furthermore, through fast active and reactive power modulation, VSCs also provide effective damping for mitigating electromechanical oscillations [1, 27, 67, 69, 70, 71] . [71] presents research results regarding the improvement of sub-synchronous torsional damping by VSC HVDC systems. It is concluded that the choice of active power control mode, instead of DC voltage control, is more beneficial for the damping control. [68, 72] suggest the combination of active and reactive power control for better damping characteristics.
Decoupling AC systems
The converters of the VSC HVDC transmission system decouple the grid side and the wind farm side. Hence, disturbances of the AC voltage, as well as voltage flicker, at one network will not be transferred to the other side. Moreover, the transients caused during wind farm's energization are isolated from the grid. Therefore, the power quality at both sides is improved [66] .
Black start capability
Through active and reactive power control by the converter, the small network of the wind farm has sufficient strength in voltage and frequency and is capable of starting the wind farm and restoring the network after a blackout. It is due to the ability of the converter to instantaneously switch over to its own internal voltage and frequency reference (PWM-based self-commutation). The converter can act as an AC source for energizing a "black" system, i.e. a passive islanded network without its own generation [73] . 
Benefits for the wind turbines
The aforementioned capabilities imply several benefits in the design and operation of the wind turbines. These advantages are basically provided by decoupling the wind farm from the grid. The wind farm is not responsible for the grid code compliance, since this can be done by the VSC HVDC transmission system. This allows the wind turbine developers to put more efforts on cost reduction issues, the standardization of the wind turbine design, as well as the efficiency and reliability [11, 66] .
Benefits for the TSOs
The main responsibility of the TSO is to identify necessary grid reinforcements to maintain short-circuit currents to acceptable levels, avoid grid "bottlenecks", and achieve voltage stability.
Regarding these issues, VSC HVDC transmission systems are a viable option, due to their fast, continuous and wide-ranged reactive power control capability and their short-circuit current contribution. Moreover, these systems can contribute to avoiding grid "bottlenecks" and undesirable load-flow paths. The most important for the TSO is that a wind farm grid-connected through a VSC HVDC transmission system becomes comparable to a conventional power plant, since the grid-side converter can be directly connected to a control or power dispatch center [66] .
Grid code requirements for the grid connection of offshore wind farms through HVDC systems
The grid connection of offshore wind farms should fulfill the grid code requirements [78, 79] .
These requirements are supplementary to the general grid code rules [9, 80, 81] . In addition, there are technical rules [82] which should be applied to power plants connected to the grid through HVDC transmission systems. All these grid codes provide technical rules and specific requirements regarding,  The frequency range of operation and the specific duration of operation within these ranges  The required active power controllability, with respect to frequency deviations  The voltage range of operation and the duration of operation within these ranges  The reactive power exchange allowed according to P/Q capabilities  The reactive current required during grid faults  The LVRT capability
In the case of offshore wind farms grid-connected through HVDC systems, the grid code for offshore wind farms and the corresponding for the HVDC systems should be combined. As such, the technical restrictions of wind farms are taken into consideration, but without limiting the capabilities provided by the HVDC connection system.
LVRT methods for VSC HVDC grid-connected offshore wind farms
When a fault occurs in the host power system, the AC voltage at the point of common connection is reduced. Therefore, the grid-side converter will respond by injecting more active power into the grid. However, the active power capability of the converter is limited, due to the converter current limits. Besides, the injection of reactive current takes the highest priority over the injection of active current, for compensating the voltage dip. As the active power transferred from the grid-side converter to the host power system is reduced or limited, if the wind farm continues producing the same power , the excess power is accumulated in the capacitance of the HVDC transmission system and thereby the DC voltage starts rising. In order to prevent the DC voltage from exceeding its upper limit, a reduction of the wind farm production is necessary.
However, the wind farm is not able to respond directly (without any external influence) to the changes in the grid, due to the AC/AC decoupling between the wind farm network and the host power system. Subsequently, if no action is taken, the HVDC system will trip and consequently the LVRT requirements are not met. In order to deal with this issue, additional control schemes are necessary [9, 10, 83] . The control methods are:
 The connection of a DC chopper at the DC link close to the grid-side converter: The DC chopper is activated when the rise in the DC voltage exceeds a threshold value. The excess energy will be burned in the DC chopper to mitigate the DC voltage rise. The power production of the wind farm is totally uninterrupted and therefore mechanical stresses in the turbines are significantly reduced. The usage of the DC chopper can be advantageous in cases when a very fast power regulation is required. The major disadvantage of the DC chopper solution is the additional cost of the component and its practically impossible size for removing the whole amount of heat [9, 10, 83, 84] .
 The use of fast communication means, for transferring the data of conditions at the grid side to the wind farm side: In this way, the wind farm receives signals to reduce its power production. Usually, the signal is in the form of active power reference, directly delivered to the control system of each individual turbine. This solution, although simple, is not reliable in long HVDC transmission systems, like these used for the grid connection of offshore wind farms, due to the increasing communication time delay with the increasing transmission distance [9, 10, 74, 84] .  The regulation of the frequency of the wind farm network by the offshore converter, as function of the DC voltage: As the DC voltage rises, the wind turbines detect a fast increase in frequency and ramp down their power reference. This method causes large and persistent DC over-voltages, since there is no means to evacuate power and therefore to decrease the DC voltage. This method also leads to some stress over wind turbines in terms of speed variations [85] . Moreover, the recovery of the power production at the wind farm, after the fault clearance, is found to be slow [9, 10, 84] .
 The use of a droop controller, acting on the DC voltage: Above a certain threshold of the DC voltage, a droop factor decreases linearly to zero. The droop gain can be applied either to the torque demand, reducing the generator torque, or to the output of the active power controller of the offshore HVDC converter, reducing the active power [10, 83] .  The switch-over of the DC voltage control between the two converters: The grid-side converter relinquishes the DC voltage control and its role is to limit the current. On the other hand, the converter at the wind farm side can be set to take over the DC voltage control when the DC voltage exceeds a pre-defined threshold. In this way, a smooth transition during the exchange of DC voltage control between the two converters is ensured. The reduction of the power production of the wind farm can be achieved as described in the two previous methods. When the fault is cleared, the DC voltage decrease is monitored by the converters, which switch their control modes back to the pre-fault situation [10, 74, 83] . The DC voltage threshold should be chosen carefully; if it is set too small, it may trigger a false Fault Ride-Through (FRT) mode during other events, causing an unnecessary switch-over of the DC voltage control between the two converters [10] .
 The regulation of the AC voltage by the offshore converter, as function of the DC voltage: The DC voltage rise is monitored by the offshore converter, which in response ramps down the AC voltage. A de-loading droop gain acts on the DC voltage value for determining a factor, which is introduced into the PWM of the offshore converter for properly adjusting the amplitude modulation index. Hence, when the DC voltage increases due to a fault in the AC system, the de-loading droop controller reduces the amplitude modulation index and therefore the AC voltage at the offshore converter terminal [9, 10, 83, 84] . An enhanced method is proposed by [84] , in which machines are demagnetized in a fast and controlled way. Hence, fast voltage reduction is allowed, but high stresses to mechanical and electrical equipment are avoided. An improvement based on this method is introduced in [86] . Wind turbines equipped with full-scale converters are able to control their active and reactive power as a function of the voltage at the wind farm network. Therefore, by decreasing the AC voltage of the offshore converter, the power flow in the offshore network is impaired and the turbines cannot inject power into the wind farm grid. A switch-over of the DC voltage control between the converters at the two sides can also be applied in this method. With this method, the DC over-voltages are limited. In addition, the power flow to the terminal decreases rapidly and the power recovery after the fault clearance is faster than in the frequency control method [9, 10, 83, 84] .
 The blocking of the converter valves, for limiting the current in the converter: The blocking process takes place for a temporary, pre-defined period, which is equal for all types of faults. The wind turbines are allowed to remain connected during and after the fault. In many fault conditions this strategy achieves a satisfactory reduction of overcurrents. But in cases of more severe faults, over-currents are higher and therefore longer blocking periods are required. If the applied blocking period is not long enough, over-currents are not totally avoided, leading to turbine trip-off. On the contrary, in the case of less severe faults, a longer blocking period than required can cause additional fluctuations at the connected power system [87] . For dealing with this issue, [87] proposes a variable blocking period, as function of the severity of each type of fault.
Moreover, a special controller is suggested, which is activated after the de-blocking of the valves, for alleviating the oscillations at the power system caused by the blocking process. The suggested control strategy can avoid over-currents and the tripping of the turbines. Thus, it helps the system to quickly reach a steady state [87] .
Frequency regulation by VSC HVDC grid-connected offshore wind farms 7.1 Main frequency regulation strategies in VSC HVDC transmission systems
Since the frequency of the offshore network is decoupled from the onshore grid frequency, the contribution of the wind farm to frequency regulation can only be achieved if the onshore grid frequency is communicated to the offshore network. In this way, the wind farm can adjust its production according to the onshore grid frequency. There are three control schemes for accomplishing this task:
 The use of DC voltage variations: The reference value of the DC voltage changes in proportion to the onshore grid frequency, i.e. if the grid frequency increases, the reference value of the DC voltage also increases. This reference value is compared to the nominal value. The error derived from the comparison is used to adjust the frequency reference of the offshore network. In this way, if there is an increase in the onshore grid frequency, the DC voltage rises and consequently the offshore network frequency is raised. The turbine converters detect this frequency increase and decrease their generation according to the droop characteristics of their frequency regulation curves [9, 88] .  The communication of the onshore grid frequency to the offshore HVDC converter:
The offshore HVDC converter changes the frequency of the offshore network according to the grid frequency. Therefore, the onshore grid frequency is directly replicated in the offshore network and, hence, change in the DC voltage is not needed.
The frequency of the offshore network is monitored by the turbine converters, which adjust their production [9] .
 The communication of the onshore grid frequency directly to the turbine converters:
Turbine converters regulate their production according to the onshore grid frequency.
Therefore, no change in the DC voltage or the offshore network frequency is required. This is the most suitable method, as the only delay is caused by the communication process, without delays for calculations. It requires, of course, a reliable communication frame available, as the previous strategy [9] .
Frequency regulation strategies in multi-terminal VSC HVDC transmission systems
The autonomous droop control presented in Section 3.3 leads to inappropriate frequency deviations in different AC systems. The system does not participate in reducing the frequency deviation in the case of a disturbance, since there is no change in the net power exchange with the concerned AC system. Consequently, the frequency support cannot be appropriately shared among the AC grids which are interconnected through the multi-terminal VSC HVDC transmission system. Moreover, the power sharing amongst the converter stations, following a converter loss, might result in higher frequency deviations in some AC power systems, depending on the number of stations that are connected to each AC system and the governor droop coefficients of different AC grids. In addition, the autonomous power sharing takes place only between the converters in the affected pole, i.e. in the pole where the lost converter was connected. The converters in the other pole will continue operating at their pre-contingency conditions and therefore do not participate in power sharing. This means that frequency deviation in some AC power systems could be large [89] .
For dealing with these issues, the standard autonomous power sharing control scheme is modified with the introduction of a frequency droop control loop: the power reference of the converter is adjusted by a supplementary frequency droop control, as denoted by (2),
• •
where is the DC voltage droop factor and is the frequency droop factor [89] . In the case of frequency decrease (increase), the active power injected to the AC system should be increased (decreased), by changing the power reference accordingly. It should be noted that, with the modified control scheme, converters at both poles participate in frequency support. The improved control scheme in the multi-terminal VSC HVDC transmission systems is found to be effective in reducing the frequency deviation in the connected AC systems following disturbances at both AC and DC sides [89] .
Conclusions
The VSC HVDC transmission technology has become a technically and economically feasible grid connection solution for offshore wind power integration. This paper provides a review of the state-of-the-art VSC HVDC technology and its application for integrating large and remote offshore wind farms.
The development and functionality of VSC HVDC system's components are presented. As the core module, the VSC performs the energy conversion between AC and DC systems.
Various converter topologies are briefly described. Through comparison, the MMC is considered as the most promising converter technology for VSC HVDC system.
Compared to two-terminal VSC HVDC system, multi-terminal VSC HVDC systems can provide additional controllability in transmission system and have gained more interest. Among different topologies of multi-terminal VSC HVDC, the WFRT is found to be the most attractive one.
Various converter controllers have been proposed. The control strategies are dependent on the application. It has been found that instead of reactive power control, AC voltage control is preferred for the offshore wind farm integration.
Due to the technical features and enhanced control system, VSC HVDC systems provide benefits to wind turbine manufactures, wind farm developers and TSOs.
The grid code requirements for VSC HVDC connected offshore wind farms are discussed.
The focus is given on the control methods of the VSC HVDC connected offshore wind power plants for fulfilling the LVRT and frequency regulation support requirements. Due to the decoupling between the wind farm and the AC grid, how to efficiently communicate between both sides is the main challenge.
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